ABSTRACT: Molecular beam epitaxial growth of ferromagnetic MnSb(0001) has been achieved on high quality, fully relaxed Ge(111)/Si(111) virtual substrates grown by reduced pressure chemical vapor deposition. The epilayers were characterized using reflection high energy electron diffraction, synchrotron hard X-ray diffraction, X-ray photoemission spectroscopy, and magnetometry. The surface reconstructions, magnetic properties, crystalline quality, and strain relaxation behavior of the MnSb films are similar to those of MnSb grown on GaAs(111). In contrast to GaAs substrates, segregation of substrate atoms through the MnSb film does not occur, and alternative polymorphs of MnSb are absent.
■ INTRODUCTION
Layered structures of semiconducting and magnetic materials have attracted a great deal of recent attention due to their huge potential in hybrid spintronic applications. In order to fabricate devices, magnetic materials compatible with the important group III−V and group IV semiconductors are required. The list of ideal characteristics for such materials is long: controllable magnetic states, high Curie temperature, long spin diffusion and coherence lengths, well-behaved interfaces to the host semiconductor, suitable resistance-area (RA) product for spin injection, "engineering compatibility" for processing and annealing, and so forth. Hence, many magnetic materials are under intensive investigation, including Heusler alloys such as Co 2 FeSi, diluted magnetic semiconductors, transition metal pnictides (TMPs) such as MnAs, and simple magnetic metals and alloys such as NiFe. While these material classes have mutual advantages and disadvantages, the TMPs are very wellsuited to all-epitaxial spintronic structures due to their established structural and chemical compatibility with mainstream III−V semiconductors. Both TMP epilayers on III−Vs and more complex TMP/III−V multilayer heterostructures can be grown using molecular beam epitaxy (MBE) within conventional III−V chambers. 1−5 This enables the creation and tailoring of a range of structures including spin light emitting diodes, 6 ferromagnetic optical isolators, 7 and spin valves. 8 MnSb is an attractive TMP for spintronic applications being both ferromagnetic with a high Curie temperature (T C = 314°C ) 9 and displaying a very large magneto-optical Kerr rotation. 10 The material is also a weak p-type metal (p ≈ 10 21 cm −3 ) which mitigates the well-known conductivity mismatch problem to semiconductors. 11 MnSb adopts the double hexagonal close-packed niccolite (n-) crystal structure (B8 1 ) and, unlike MnAs, undergoes no structural or magnetic phase transitions in the pressure−temperature ranges applicable to spintronic devices. In addition, a major advantage of MnSb in device design and optimization is the ability to process the material using conventional III−V lithographic and etching techniques. This enables scalable processing of, for example, lateral nonlocal spintronic devices in which pure spin currents are manipulated. 8, 12 The successful growth of n-MnSb epilayers has been reported by several groups using GaAs substrates, mainly aimed at magneto-optical applications 6,7 for which III− V materials are a natural choice. Combining TMPs with Si and Ge would enable a wider range of hybrid spintronic devices to be developed, directly integrated with the dominant semiconductor materials systems used in conventional nanoelectronics. However, there have been relatively few studies of TMP epitaxial growth on Si, 13−15 and we are aware of none on Ge. Room temperature spin transport in Si with spin diffusion lengths more than 100 nm has been established, 16, 17 and similarly efficient spin transport at 300 K in Ge has also been demonstrated. 18, 19 One advantage of Ge over Si (and GaAs) is its higher hole mobility: matching to a p-type ferromagnetic spin injection contact such as MnSb is therefore a natural choice for investigating and exploiting spin-polarized hole transport in semiconductors.
The MBE growth conditions typically reported for stoichiometric n-MnSb are a substrate temperature in the range 200−400°C and an Sb/Mn flux ratio greater than 1. On GaAs(001), the principal epitaxial orientation is MnSb(11̅ 01)∥GaAs(100), 20 which results in an oblique match with complicated interface and surface structures.
2 A simpler epitaxy is found on GaAs(111), namely, MnSb(0001)∥-GaAs(111) 14 and with MnSb[21̅ 1̅ 0]∥GaAs[1̅ 10]. The bulk lattice parameters of n-MnSb are a = 4.128 Å and c = 5.789 Å, which results in an epitaxial mismatch of 3.2% when grown on GaAs (111) surfaces (the in-plane spacing on the GaAs (111) surface being a GaAs /√2 = 3.995 Å). The use of Si(111) as a substrate for epitaxial MnSb(0001) growth is severely hampered by the large mismatch of 7.0%. Furthermore, the growth of Mn compounds such as MnBi 21 or MnSb 13, 14 on Si substrates appears to be difficult due to the formation of undesirable interfacial Mn silicides. The use of Ge(111) substrates reduces the epitaxial mismatch to a level that is similar to that found for GaAs (111) (i.e., ∼3.2%). While the interfacial chemistry of Ge with TMP growth is unknown, studies of the growth of Mn x Ge 1−x thin-films 22 suggest that Mn 5 Ge 3 has the greatest thermodynamic stability, and layers of Mn 5 Ge 3 (0001) have been successfully grown on Ge(111) substrates by solid phase epitaxy and MBE. 23, 24 A further issue in MnSb growth is the presence of multiple polymorphs in films grown on GaAs(111). We have recently demonstrated the growth by MBE of cubic c-MnSb polymorphs (B3 structure) on n-MnSb to thicknesses of tens of nm. Because of its wide minority spin gap of around 1 eV, c-MnSb is predicted to be a robust half-metallic ferromagnet at room temperature. 25 However, the growth mechanism is not known and pure nMnSb polymorph is valuable for some device structures.
Nowadays, SiGe/Si and Ge/Si virtual substrates are used for epitaxial growth of a huge variety of group-IV semiconductor heterostructures. They are ideal alternatives to expensive Ge wafers, which are not always easily or cheaply available, while commercial SiGe substrates do not exist at all. A virtual substrate consists of a fully relaxed SiGe or Ge buffer layer grown directly on a Si substrate. Because the epilayers are relaxed at their top surfaces, the in-plane lattice parameters relevant to subsequent epitaxial growth match those of equivalent bulk SiGe or Ge crystals. 26, 27 Here, we report the MBE growth of MnSb epitaxial films on high quality Ge(111) virtual substrates, themselves grown on Si wafers using reduced pressure chemical vapor deposition (RPCVD). Reflection highenergy electron diffraction (RHEED), high resolution synchrotron X-ray diffraction (XRD) with reciprocal space maps (RSM), X-ray photoelectron spectroscopy (XPS), and superconducting quantum interference device (SQUID) magnetometry measurements were all used to characterize the properties of the resulting epilayers. We find that the quality of the MnSb layers is comparable to the best material grown on GaAs, and unlike on GaAs segregation of substrate material through the MnSb layer is not observed. 28, 29 There is no evidence for the formation of any interfacial alloy layers, and the MnSb grows in a single n-MnSb phase without any of the polymorphs seen on GaAs substrates. 25 
■ EXPERIMENTAL DETAILS
An outline of the sample layer structure is shown in Figure 1 together with the n-MnSb B8 1 crystal structure. For virtual substrate production, Ge epilayers were grown on 100 mm diameter Si(111) substrates using a germane (GeH 4 ) gaseous precursor diluted in H 2 carrier gas within a RPCVD reactor. A low temperature (LT -400°C) Ge seed layer 10 nm thick was grown first. Following an anneal, a further Ge layer around 500 nm thick was deposited at high temperature (HT -670°C). As shown schematically in Figure 1 , the LT seed layer produces islands which serve to reduce the threading dislocation density and are efficiently planarized by the subsequent HT growth. The density of threading dislocations in the Ge/Si(111) virtual substrates is around 10 8 cm −2 , and further details on this RPCVD intermediate islanding growth method can be found elsewhere. 26, 27 The top surface of the Ge(111) virtual substrate is smooth, with a typical root-mean-square surface roughness of ≤2 nm.
The MBE chamber for MnSb growth contains shuttered Mn, Cr, Ni, and Sb effusion cells (the latter having no separate thermal cracking stage) and is equipped with an electron gun and phosphor screen for monitoring RHEED throughout growth. A retractable beam flux gauge was used to monitor the elemental fluxes before and after growth. An adjoining chamber is equipped with an ion gun and annealing stage for surface preparation. Small pieces of Ge(111) virtual substrates, measuring approximately 8 mm × 8 mm, were attached to stainless steel sample plates using spot-welded Ta wires. The mounted samples were then cleaned to remove debris and dust by a cycle of acetone, isopropanol, and water rinsing prior to blow drying with dry nitrogen. The samples were then loaded into the vacuum via a fastentry chamber and transferred into the preparation chamber. Once under a vacuum, the substrates were heated for 1 h at 400°C for degassing. This was followed by a 10 min 500 eV Ar + ion bombardment and finally a 480°C anneal for 40 min. Epilayers of MnSb were then grown using a substrate temperature of (410 ± 10)°C with the ratio of the Sb to Mn fluxes set at approximately 6.5:1. Growth was initiated by simultaneously opening the Mn and Sb shutters, with the directly measured Mn beam equivalent pressure fixed at 8.0 × 10 −8 mbar. These growth conditions are similar to those used in the epitaxy of MnSb films on GaAs substrates.
2 Following growth, the samples were exposed to either Sb or Mn fluxes in order to examine the reconstruction behavior of the samples.
Once the MBE growth experiments were complete, samples were removed from the vacuum and transported in air with no special precautions to the National Synchrotron Light Source at Brookhaven National Laboratory for XRD measurements. The structural characterization of the films was performed using high resolution triple-axis XRD on the X22C beamline. Triple axis diffraction scans parallel to the [000l] direction as well as rocking curves were collected at room temperature using a 10 keV X-ray beam and a Ge(111) analyzer crystal. The surface stoichiometry of the films was investigated using XPS using a monochromatized Al Kα source and seven-channel hemispherical analyzer (Omicron GmBH). In order to check for the presence of surface-segregated Ge and to investigate the native oxides of the MnSb films, the XPS experiments were performed on naturally oxidized air-exposed samples. Magnetic hysteresis loops were obtained using a SQUID magnetometer (Quantum Design Inc.) from a fewmillimeter-sized pieces of the MnSb samples. The pieces were manually aligned so that the applied field was either in the plane of the layers or perpendicular to the plane. Electrical properties of the MnSb films were measured at room temperature using sprung gold contacts in van der Pauw geometry, after a 10 s dilute HCl etch (10% by volume) to minimize contacting problems due to Mn oxides. 30 
■ RESULTS AND DISCUSSION
The RHEED patterns of the films were monitored throughout growth, and the resulting patterns were recorded for the principal symmetry directions. After Ar sputtering and annealing, the Ge(111) surfaces exhibited a sharp c(2 × 8) reconstruction (Figure 2a,b) . On the initiation of MnSb growth, this gave way to a weaker (1 × 1) pattern with a streak spacing different from that of the Ge virtual substrate. The early stages of growth were characterized by the presence of faint transmission diffraction features which faded within 30 s. After this, a sharp and streaky (1 × 1) pattern formed, and this pattern was subsequently observed throughout growth. The measured streak spacing was 4.13(9) Å, in agreement with the bulk MnSb a lattice parameter of 4.128 Å. The observed symmetry of the RHEED patterns is consistent with the formation of an orientated MnSb(0001) layer. The in-plane epitaxial orientations are then MnSb⟨21̅ 1̅ 0⟩∥Ge⟨110⟩ and MnSb⟨11̅ 00⟩∥Ge⟨2̅ 11⟩.
Following growth, and upon allowing the samples to cool to room temperature, a faint td(1 × 4) pattern developed indicating the formation of an Sb-rich surface, 2 and typical RHEED patterns for this surface reconstruction are shown in Figure 2d ,e. After further exposure to a Mn flux, a (2 × 2) periodicity developed, although upon closing the Mn effusion cell shutter this developed into a mixed (2 × 2)/(√3 × √3)R30°pattern after a few minutes as shown in panels (g) and (h) of Figure 2 . The sharpness of the streaks and the presence of multiple Laue zones and Kikuchi features in these patterns indicate that the near-surface region is highly crystalline with well-ordered domains of both reconstructions present. Exposure to an Sb flux resulted in the appearance of the (1 × 1) and td(1 × 4) periodicities as described above. These reconstructions, and their appearance under more Mnrich or Sb-rich conditions, are consistent with those observed in the MnSb(0001)/GaAs(111) system. High-resolution triple axis XRD data for a sample of nominal thickness 70 nm are shown in Figure 3 . The scattering vector is parallel to the surface normal. Panel (a) shows strong diffraction peaks which can be readily to assigned to the (111), (222), and (333) reflections from the Ge and Si components of the virtual substrate; these occur at Q z values precisely corresponding to the bulk lattice parameters. The sharpness and symmetry of the Ge peaks highlights the full strain relaxation achieved in the two-stage RPCVD growth. A full reciprocal space map in the vicinity of the 111 reflections is shown in panel (b) with Q x the in-plane component of the scattering vector. The Ge(111) and Si(111) features (the lowest and central diamond shapes) are intense and symmetrical in both Q z and Q x , confirming the high quality of the virtual substrate.
Strong peaks arising from reflections indexed to the MnSb(000l) planes are present in Figure 3a . The c lattice parameter derived from these is 5.790(1) Å, in good agreement with the reported value of bulk MnSb crystals. The widths of the rocking curves taken at the n-MnSb 000l reflections were independent of the diffraction order giving a value of ∼0.4°for the mosaic, which is comparable to the values observed in NiSb/GaAs epitaxy 31 and in MnSb-GaAs films. The inset in Figure 3 shows a close-up of the MnSb(0002) region covering the 1.75 Å −1 ≤ Q z ≤ 2.35 Å −1 range. The MnSb(0002) reflection shows a clear asymmetry toward higher Q z values, with a distinct tail toward higher Q z indicating a strain profile with part of the film having smaller c lattice parameters. The measured strain range corresponds to a lattice parameter change of Δc/c bulk ≈ 0.15% through the MnSb layers, again in agreement with MnSb-GaAs layers. This asymmetry is also captured in the RSM where the MnSb(0002) peak appears as a feature around Q z = 2.2 Å −1 clearly elongated in the higher Q z direction compared to the Si and Ge peaks. It is interesting to note that NiSb-GaAs films also exhibit high Q z shoulders 31 despite the much-reduced lattice mismatch, but more detailed experiments are needed to determine whether this is a surface feature or occurs at the substrate. A Williamson-Hall analysis was performed for the MnSb reflections which yields a grain size of (89 ± 2) nm, comparable to the nominal film thickness and indicating high crystalline order throughout the MnSb film.
We also note that there are no additional peaks in the XRD spectra obtained from MnSb films grown on Ge(111) virtual substrates. On GaAs(111), both NiSb and MnSb often show weak XRD peaks associated with alternative epitaxial orientations such as (11̅ 01). 25, 31 Such orientations have not been observed here, and evidence of polymorphic growth is also absent. When MnSb is grown on GaAs (and, in recent unpublished work, on InGaAs) under similar MnSb MBE growth conditions, diffraction features due to strained cMnSb(111) epitaxial inclusions within the n-MnSb film can be observed. Figure 4 shows typical XRD data for a 75 nm thick MnSb film grown on GaAs(111) in direct comparison with the 70 nm film on Ge(111). A broad peak at Q z ≈ 3.25 Å −1 is present for the film on GaAs, which can be assigned to the (222) reflection of c-MnSb, with corresponding lattice parameter 6.8(1) Å (the evolution of the polymorph inclusion strain and grain size as a function of MnSb film thickness on GaAs will be detailed in a future paper). Such polymorph peaks are absent in all the XRD spectra and RSMs from our samples grown on the Ge virtual substrates, but a more detailed search of the MBE parameter space would be required to definitively rule out polymorphism in the MnSb-Ge(111) epitaxial system. Importantly, there is also no evidence for any interfacial MnGe x phases in the XRD spectra or RSM images, suggesting that even in the thin film limit n-MnSb can be grown.
To explore the surface chemistry and to probe any substrate diffusion, XPS data were recorded and a typical spectrum is shown in Figure 5 . Panel (a) shows the shallow core region (25−55 eV binding energy) with the Mn 3p, Sb 4d, and Ga 3d core levels highlighted (the latter for a comparative growth on GaAs). Of note is the absence of a Ge 3d peak at around 29 eV from the shallow core region, suggesting that no Ge segregation occurs in these layers. This contrasts with MnSb/GaAs(111) epilayers, where approximately a monolayer of segregated Ga is observed at the surface of MnSb 28 but is similar to the case of NiSb/GaAs(111) where no Ga segregation occurs. 31 The absence of surface Ge can be checked using the Ge 2p core level, whose larger atomic sensitivity and decreased probing depth relative to the 3d core level provide increased sensitivity in the detection of surface segregated Ge. Panel (b) shows typical Ge 2p data. Sometimes, a very weak peak can be observed: upper red curve, 90°takeoff angle (TOA). At 30°T OA, where the surface sensitivity is enhanced, the Ge 2p peak disappears (lower black curve). We ascribe the small signal in the 90°TOA data to a piece of exposed Ge substrate, probably due to postgrowth scratches or pregrowth defects caused during sample cutting, handling, or Ta wire bonding.
Comparison to MnSb growth on GaAs should account for different growth conditions, which are likely to affect the kinetics of surface segregation. Ono et al. 28 grew MnSb on GaAs(111) at lower substrate temperature (300°C) and flux ratio (2:1) but similar growth rate (0.03 nm s −1 compared to our 0.045 nm s −1 ). They found that a full monolayer of segregated Ga was present at the surface, independent of MnSb film thickness above 2 nm up to their maximum thickness of around 25 nm ( Figure 5 of ref 28) ; that is, the segregation was very efficient under these growth conditions. Using XPS we have observed significant surface Ga signals for several much thicker MnSb films on GaAs(111) with growth conditions similar to those used in the present work (420°C, flux ratio 6.35:1, growth rate 0.04 nm s In order to determine the stoichiometry of the surface region, total elemental peak areas were obtained for the Mn 3p and Sb 4d core levels following subtraction of a linear background. The Mn to Sb ratio was found to be 1.27:1 with the increased Mn content arising due to the preferential formation of Mn oxides relative to Sb oxides which is characteristic of oxidized MnSb thin films. 30 Shown in Figure 5c is a close-up of the Sb 4d region alongside a fit to the experimental data. Three doublets are required to fit the core level with the doublets corresponding to Sb−Sb, Sb−Mn, and Sb−O x bonding environments, the corresponding binding energies of the Sb 4d 5/2 components are given in Table 1 . The chemical shift between the Sb−Sb and Sb−Mn component is −0.34 eV, less than previously reported for MnSb films.
30
The ferromagnetic properties of the films were studied by SQUID magnetometry. In Figure 6 , we show hysteresis loops measured from a nominally 70 nm thick film recorded at T = 5 K. The film displays the expected ferromagnetic behavior, which is retained up to T = 300 K consistent with the reported bulk ordering temperature of MnSb T C of 314°C. 32 The hysteresis loops in Figure 6 show the magnetic response with the applied field perpendicular and parallel to the MnSb c-axis. The data are fitted piecewise to extract the coercive field using a Langevin function to fit the hard axis and a pair of arctan functions to fit the ferromagnetic components. In the inset of Figure 6 , the fits highlight that the shape of the top left/bottom right sections of the loop differs from that of the top right/ bottom left sections. This implies a different switching behavior as the films reverse, the switch being more rounded as the films come from either positive or negative saturation. This behavior can be explained by a small misalignment of the film in the SQUID magnetometer: the applied field is not exactly in-plane, causing a field-asymmetric component from the hard axis to alter the switching. The overall magnetic behavior is, however, consistent with uniaxial magnetic anisotropy with the hard axis perpendicular to the (0001) plane of the films and the in-plane axis lying in the plane of the film. This agrees with the behavior of both thin (0001) films 32 and bulk crystals 33 of MnSb. An estimate of the effective moment per Mn can be made using the nominal film thickness of 70 nm and the saturation magnetization which gives a value of (3.3 ± 0.3)μ B . This is in broad agreement with previously determined values for MnSb of between 3.3 and 3.5 μ B .
32,34 The coercive field, H C , in the easy plane is (111 ± 2) Oe, while along the hard axis it is more noisy but is approximately (1.2 ± 0.6) kOe. These values are consistent with those derived for MnSb(0001) films grown on GaAs(111), where H C is normally in the range 20−200 Oe (easy) and 300−500 Oe (hard), depending on film thickness and exact growth conditions. 32 Room temperature Hall measurements on the MnSb films on Ge virtual substrates gave typical hole densities of p = (1.3 ± 0.2) × 10 21 cm −3 with mobility around 90 cm 2 V −1 s −1 , in agreement with thin film MnSb grown on GaAs(111). The RA product of the MnSb/Ge interface, important for optimzing spin injection, 18 cannot be determined accurately from the present sample set due to the high series resistance of the undoped Ge virtual substrate. However, a preliminary upper limit estimate of 10 −2 to 10 −3 Ω cm 2 is very promising; measurements were based on making contacts with indium to exposed Ge (covered by Ta foil during MnSb growth). 18 Further work on electrical characterization of the MnSb/Ge interface will focus on p-doped Ge virtual substrates to match the p-type MnSb contact.
■ CONCLUSIONS
The structural, surface-chemical, and magnetic properties of MnSb thin films grown on Ge/Si(111) virtual substrates have been studied. The observed surface reconstructions are broadly consistent with those seen on MnSb(0001) films grown on GaAs substrates, with RHEED indicating that the surfaces are highly ordered and crystalline. XRD shows that the MnSb films exhibit a pure niccolite structure without other polymorphs or orientations. The n-MnSb is orientated (0001) on the (111) virtual substrates, with the [0001] lattice parameter relaxing to 5.790(1) Å after some tens of nanometers film thickness. Magnetometry reveals the expected ferromagnetic behavior with properties similar to those observed on MnSb/GaAs films. Under the growth conditions employed here (substrate temperature 410°C, Sb/Mn flux ratio 6.5:1, growth rate 0.045 nm s −1 , layer thickness 70 nm), surface segregation of Ge substrate atoms through the MnSb film is suppressed, and no interfacial alloy layers form. The ability to grow Mn pnictides on Ge virtual substrates offers great promise for the integration of the TMP class of magnetic materials with Si/SiGe in spintronic applications, especially exploiting spin-polarized hole transport. The growth of single-orientation, single-phase nMnSb on Ge(111) thus represents an important step in the realization of hybrid magnetoelectronic applications requiring carefully controlled magnetic properties in the epilayer.
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